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Portland cement is a significant component in a concrete mixture.  For concrete used in 
portland cement concrete pavement (PCCP), the Arkansas Department of Transportation 
(ARDOT) specifies a minimum cementitious material content of 564 lb/yd3 and a maximum 
water-cementitious material ratio of 0.45.  Prior research conducted at the University of 
Arkansas, TRC 0603, indicated concrete mixtures used in five bridge decks throughout Arkansas 
achieved the required 28-day strength at seven days, and the measured compressive strength at 
28 days was 30% greater than required.  The use of high strength concrete in pavements 
throughout the state can increase cracking and consequently reduce the durability of the 
pavement.  Therefore, a reduction of the current cementitious content to a minimum level at 
which the concrete can meet the requirements of workability, compressive strength, and 
durability is an essential assignment.  In addition, a reduction of the cementitious content can 
partially reduce costs, because cement is the most expensive ingredient in concrete.  Using less 
cement within concrete mixtures also lessens the negative impact on the environment that occurs 
from the production of cement which accounts for a large portion of total greenhouse gases 
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1.1. Research Motivation 
Deterioration of infrastructure in the United States of America is a problem which is in 
critical need of address.  According to the American Society of Civil Engineers’ Infrastructure 
Report Card, the United States scores a D in the roads category due to many roadways being in 
poor condition and responsible agencies being chronically underfunded (ASCE, 2017).  The 
Arkansas Section of ASCE graded the state’s roads as a D+ in their 2014 report.  According to 
the report, Arkansas has the 12th largest state highway system in the nation with over 16,000 
miles of highway, but lack of funding has placed projects on hold, and the long-term funding 
solutions are not immediate clear (ASCE, 2014).  These burdens have placed a strain on the 
Arkansas Department of Transportation (ARDOT), which is tasked with maintaining and adding 
to the growing network of state highways in Arkansas.  There is a need to identify practical ways 
to effectively use materials and funds. 
A portion of the over 16,000 miles of highway in Arkansas is portland cement concrete 
pavement (PCCP).  According to data provided by ARDOT, $566 million was spent for over 4.2 
million cubic yards of PCCP between 2006 and 2016.  A large component of this cost is cement.  
Cement is the most expensive material found in typical PCCP mixtures.  ARDOT data estimate 
the cost of cement at $95.42/ton.  Not only is cement the most expensive material found in 
typical PCCP mixtures, but it is also the most pollutant.  Among industrial emissions, cement 
production is the third largest source of greenhouse gases contributing 39.9 MMT CO2 
equivalent, which accounts for 10.6% of industrial emissions (EPA, 2017).  Additionally, it is 
estimated cement production accounts for 5% of total global anthropogenic carbon emissions 
(Humphreys & Mahasenan, 2002; Worrell, Price, Martin, Hendriks, & Meida, 2001).  A 
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reduction of cement content in PCCP mixtures would have both economic and environmental 
benefits. 
ACI 318-19, Building Code Requirements for Structural Concrete, and ACI 301-16, 
Specifications for Structural Concrete, provide no minimum cement content or cementitious 
materials content requirements (ACI Committee 318, 2019; ACI Committee 301, 2016).  
However, in the United States, many state agencies in charge of producing PCCP specifications, 
including ARDOT, require a minimum cement content for PCCP mixtures.  ARDOT requires a 
minimum cementitious material content of 564 lb/yd3 (AHTD, 2014), while other agencies 
require between 530 lb/yd3 and 675 lb/yd3 (Rudy & Olek, 2012).  A recent study of more than 
100 specifications for private work found minimum content requirements in 46% of the 
specifications (NRMCA, 2015).  It is important to note the use of the term cementitious material, 
because many state agencies, ARDOT included, allow the use of various supplementary 
cementitious materials such as fly ash and slag cement which can decrease the environmental 
burden of concrete (EPA, 2003; Portland Cement Association, 2015).  Current ARDOT 
specifications allow for up to 20% replacement of cement, by weight, with Class C or Class F fly 
ash and up to 25% replacement of cement, by weight, with slag cement.  While these 
specifications help reduce economic and environmental impacts associated with PCCP mixtures, 
an investigation of minimum cementitious material specifications is required to fully understand 
the potential benefits and disadvantages to further reducing the requirement or removing the 
requirement. 
1.2. Research Goals 
The goal of this research is to investigate the effects of reducing the current ARDOT 
minimum cementitious material content of 564 lb/yd3 on the compressive strength, unrestrained 
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drying shrinkage, modulus of elasticity, and costs for PCCP mixtures.  Thirty-six unique mixture 
designs incorporating three cementitious material contents, three fly ash replacement 
percentages, and four w/cms will be tested for compressive strength and unrestrained drying 
shrinkage.  Sample mixtures from the initial tests will be chosen and subjected to a static 
modulus of elasticity test.  Many states’ governing transportation organizations specify a 
minimum cementitious material content for concrete pavement mixtures.  These specifications 
have both environmental and economic consequences.  The target of this research to determine if 
the minimum specified cement content for PCCP can be reduced and determine what effects this 
reduction in cement content may have on concrete performance and on cost.    
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2. Previous Research 
2.1. Properties Affecting Hardened Concrete 
Several factors affect hardened concrete properties.  These factors include water-
cementitious material ratio (w/cm), cement content, aggregate content, and supplementary 
cementitious material content.  Each factor will be discussed in greater detail in the following 
sections. 
2.1.1. Water to Cementitious Material Ratio 
 Research in the early 1900s by Abrams produced a relationship between water-cement 
ratio (w/c) and concrete strength (Mehta & Monteiro, 2006).  This relationship is illustrated in 
Figure 2.1.  As supplementary cementitious materials began to be used in concrete mixtures, the 
term water-cement ratio was replaced by the term water-cementitious material ratio (w/cm), 
which is defined by as “the ratio of the mass of water, excluding that absorbed by the aggregate, 
to the mass of cementitious material in a mixture, stated as a decimal and abbreviated w/cm” 
(ACI, 2018).  As w/cm increases, compressive strengths decrease at all ages for moist cured 
concrete due to an increase in capillary porosity (Wassermann, Katz, & Bentur, 2009; Dhir, 




Figure 2.1 – Influence of Water-Cement Ratio and Moist Curing Age on Concrete Strength 
(Mehta & Monteiro, 2006) 
Studies have shown strength is directly correlated to w/cm and independent of cement 
content at a given w/cm (Wassermann, Katz, & Bentur, 2009).  How the w/cm is changed is also 
of importance.  Popovics concluded changing the cement content while keeping the water 
content constant caused greater changes in strength, while changing the water content while 
keeping cement content the same resulted in lower strength changes (Popovics, 1990; Obla, 
Hong, & Lobo, 2017). 
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Figure 2.2 – Effect of w/c on Shrinkage (Wassermann, Katz, & Bentur, 2009) 
While w/cm has a measurable effect on the compressive strength of concrete, a 
correlation between w/cm and drying shrinkage is not as pronounced.  Research conducted by 
Wassermann (2009) and shown in Figure 2.2, indicates increasing the w/cm from 0.45 to 0.70 
results in an increase in shrinkage of the test specimens of approximately 100 microstrains at 
1,000 hours.  For the mixtures tested, water content was held at approximately 200 kg/m3.  
Additionally, this decrease in shrinkage is potentially attributed to  the use of a chemical 
admixture in the mixture with a w/cm of 0.45 which was not used in the remaining three 
mixtures. 
2.1.2. Cement Content 
As mentioned previously, changes in cement content for a given w/cm have little to no 
effect on concrete strength.  Cement content has a greater effect on total absorption and capillary 
absorption coefficient, due to increasing the paste content, which does increase strength, but the 
increase is not in large magnitude (Wassermann, Katz, & Bentur, 2009).  Research has also 
suggested once the required cement content is reached additional cement can decrease 28-day 
compressive strength by up to 15% (Yurdakul, 2010). 
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A consensus is difficult to be reached concerning how and to what degree cement content 
effects drying shrinkage.  Research conducted by Wassermann (2009) suggests the impact of 
cement content on drying shrinkage is minor, and changes in drying shrinkage due to increasing 
or decreasing cement content have no clear pattern.  However, other researchers suggest a 
decrease in cement content provides less opportunity for shrinkage of concrete specimens due to 
an increase of aggregate to compensate for the lowered w/cm (Kosmatka, Kerkhoff, & Panarese, 
2003; Mehta & Monteiro, 2006; Mindess, Young, & Darwin, 2003).  Research focused on 
cracking in decks observed a nearly 500% increase in crack density from 0.05 ft/ft2 to 0.23 ft/ft2 
when the cement content was increased from 605 lb/yd3 to 639 lb/yd3 in field studies involving 
bridge decks (Schmitt & Darwin, 1999).  It is important to note, due to this data being conducted 
in the field, the opportunity for outside factors to contribute to the increase in crack density is 
higher. 
Similar to the effect of overall cement content on drying shrinkage, the effects of cement 
fineness are also a topic not fully understood.  According to ACI 224.R-01, Control of Cracking 
in Concrete Structures (ACI Committee 224, 2001), the properties of cement, including fineness, 
directly affect concrete shrinkage.  However several other researchers have concluded the effect 
of fineness and other cement properties cause little to no change in the overall performance of 
the concrete mixture (Li, Qi, & Ma, 1999; Neville, 1995; Mehta & Monteiro, 2006). 
2.1.3. Aggregate Content 
In normal strength concrete, aggregates rarely fracture and cause the failure of the 
specimen.  Instead, factors affected by aggregate properties are typically the cause of failure.  
Aggregate size, shape, gradation, surface texture, and minerology can all affect strength.  Large 
aggregates tend to form weak bonds with the cement matrix in the interfacial transition zone, 
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leading to increased microcracks.  However, smaller aggregates increase water demand due high 
surface area to volume ratios (Ley & Cook, 2014; Mehta & Monteiro, 2006; Cordon & Gillespie, 
1963). 
 
Figure 2.3 – Influence of Aggregate Size and w/cm on Strength (Cordon & Gillespie, 1963) 
Figure 2.3 shows the increasing strength benefit of using smaller maximum aggregate 
size as w/cm decreases.  Use of microfines (material passing the #200 sieve) in concrete mixtures 
has increased strength when compared to baseline mixtures (Rached, Fowler, & Koehler, 2010).  
Additionally, the use of rough aggregates has improved early-age strength, but the benefits 
decrease at later ages due to chemical interactions between the aggregate and hydrated cement 
particles increasing in influence (Mehta & Monteiro, 2006; Rached, Fowler, & Koehler, 2010). 
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Figure 2.4 – Influence of Aggregate Content on Shrinkage (Mehta & Monteiro, 2006) 
Mehta (2006) suggests the most important factor affecting drying shrinkage in concrete is 
the aggregate content of the mixture.  Shown in Figure 2.4, concrete mixtures with varying w/cm 
followed a similar, decreasing trend in shrinkage as percent content of aggregate was increased.  
Pure cement paste is susceptible to large changes in volume due to moisture loss and lack of 
mechanical restraint.  Coarse aggregate within a concrete mixture serves as a physical restraint 
for the cement paste.  Therefore, increasing the amount of aggregate within a mixture will 
directly result in a decrease in drying shrinkage.  Additionally, increasing the modulus of 
elasticity of the coarse aggregate will result in greater shrinkage resistance due to the coarse 
aggregate experiencing lower strain values for the same amount of stress exerted by the 
contracting cement paste (Kosmatka, Kerkhoff, & Panarese, 2003; Mehta & Monteiro, 2006; 
Mindess, Young, & Darwin, 2003).  While increasing coarse aggregate content generally has 
positive effects on shrinkage, an increase in the percentage of microfines of greater than four 
percent within a gradation can increase drying shrinkage due to an increase in water demand of 
the mixture.  With additional water required to maintain fresh concrete properties, excess water 
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is introduced into the mixture which is eventually expelled during curing causing drying 
shrinkage (Hanna, 2003). 
2.1.4. Supplementary Cementitious Material Content 
Use of pozzolanic mineral admixtures also known as supplementary cementitious 
materials, such as fly ash, can improve the ultimate strength of concrete by causing chemical 
reactions which lead to additional calcium silica hydrate formation (Mehta & Monteiro, 2006).  
While the ultimate strength of a concrete mixture may be improved by the usage of 
supplementary cementitious materials, early age strength is typically reduced.  Low early age 
strength is attributed to lower heat of hydration of the pozzolanic reactions.  The rate of 
pozzolanic hydration is slower than the rate of cement hydration which means concrete 
incorporating fly ash must be properly cured for an appropriate length of time for the strength 
benefits of fly ash to be realized (Thomas, 2007). 
 
Figure 2.5 – Effects of Fly Ash on Concrete Strength (Bamforth, 1980) 
Figure 2.5 shows the affects incorporating fly ash into concrete mixtures has on early and 
late age strengths.  For the experiment graphed, fly ash replacement was 30%.  When standard 
curing methods are used, concrete with fly ash experiences a delay in strength gain initially, as 
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shown in the graph on the right of Figure 2.5.  Around 56 days of age, the mixture incorporating 
fly ash surpassed the mixture with only portland cement. 
2.2. Summary 
Previous research shows w/cm, cement content, aggregate content, and supplementary 
cementitious material content can all affect hardened concrete properties.  Compressive strength 
can be increased by decreasing w/cm and increasing cement content.  Late-age strength can be 
increased through the use of supplementary cementitious materials such as fly ash.  Increases in 
shrinkage and cracking have been attributed to increases in cement content and decreases in 
aggregate content and aggregate size.  This research seeks to add to the above body of 
information through measuring compressive strength, unrestrained drying shrinkage, and 
modulus of elasticity of concrete mixtures with various cementitious material contents, fly ash 
replacement percentages, and w/cms.  
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3. Materials and Methods 
3.1. Introduction 
This research program consisted of five primary tasks: design of concrete mixtures based 
on data provided by ARDOT, batching of concrete mixtures, casting of concrete test specimens, 
testing of concrete specimens at predetermined intervals, and analysis of collected data.  All 
casting and testing of samples occurred at the University of Arkansas Engineering Research 
Center (ERC) in Fayetteville, Arkansas.  Materials used in this research program were locally 
available.  As stated previously, the goal of this research program was to determine if the 
minimum cementitious content for PCCP in ARDOT specifications can be reduced but still 
achieve the required fresh and hardened properties.   
3.2. Mixture Design 
3.2.1. Overview 
Current ARDOT specifications for PCCP prescribe the minimum cementitious material 
content, maximum fly ash replacement percentage, minimum 28-day compressive strength, 
minimum open-to-traffic compressive strength, slump range, air content range, and maximum 
w/cm.  A summary of these specifications is provided in Table 3.1 (Arkansas Department of 
Transportation, 2014).  These specifications served as a base point for the design of concrete 
mixtures tested.  Additionally, ARDOT provided eight representative PCCP mixtures from 
various concrete producers.  A summary of these eight mixtures is provided in Table 3.2 with the 
names of the companies redacted.  As shown in Table 3.2, all PCCP mixture providers designed 
mixtures using the minimum cementitious material amount, 546 lb/yd3.  Of the eight 
representative mixtures, two provided mixtures with no fly ash replacement, four provided 
mixtures with 15% fly ash replacement, and two provided mixtures with 20% fly ash 
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replacement – the maximum allowed by ARDOT specifications.  Coarse aggregate content 
varied from 1747 to 1899 lb/yd3, and all providers used #57 gradation for coarse aggregate.  
Finally, the w/cm varied between 0.38 to 0.45 for the provided representative mixtures.  Table 
3.3 shows current ARDOT specifications for gradation of coarse aggregate used in rigid 
pavements (Arkansas Department of Transportation, 2014).  
Table 3.1 – Current ARDOT Specifications for PCCP 
Property Value 
Minimum cementitious content (lb/yd3) 564 
Maximum fly ash content (lb/yd3) 20 
Minimum 28-day compressive strength (psi) 4,000 
Minimum open-to-traffic compressive strength (psi) 3,000 
Maximum w/cm 0.45 
Slump range (in) ≤ 2 
Air content range (%) 6 ± 2 
 
Table 3.2 – Representative PCCP Mixture Designs 
Material or Property 
Concrete Mixture Designs from Various Companies 
A B C D E F G H 
Cement (lb/yd3) 451 479 479 564 479 564 479 451 
Fly Ash (lb/yd3) 113 84 84 0 85 0 84 113 
Coarse Aggregate (lb/yd3) 1851 1747 1747 1756 1893 1770 1774 1899 
w/cm 0.40 0.38 0.38 0.38 0.44 0.44 0.38 0.45 
 




Standard Gradation ARDOT Alternative Gradation AASHTO M43 #57 
1 1/2” 100 100 
1” 60-100 95-100 
3/4” 35-75 - 
1/2” - 25-60 
3/8” 10-30 - 
#4 0-5 0-10 
#8 - 0-5 
 14 
3.2.2. Mixture Proportions 
Utilizing the representative PCCP mixture designs in Table 3.2 as a reference, a batching 
matrix was developed with the goal of reducing cement content and cementitious material 
content.  The batching matrix consisting of 36 unique concrete mixtures is shown in Table 3.4.  
Cementitious material contents were 470 lb/yd3, 517 lb/yd3, and 564 lb/yd3.  These values 
incorporate current ARDOT specifications and provided representative mixture designs for the 
maximum cementitious material content tested.  Cementitious material contents of 517 and 470 
lb/yd3 represent removing a half and a whole standard bag of cement per cubic yard, 
respectively.  Fly ash replacement percentages were 0, 20, and 30 percent of cementitious 
material content to best represent current specification allowances and observe effects of 
increasing the current maximum fly ash replacement percentage of 20.  The lowest three w/cms, 
0.38, 0.42, and 0.45, best represent current PCCP mixture designs from providers.  A w/cm of 
0.50 was added to observe the performance effects of excess water incorporated into mixtures on 
job sites.  For all mixtures, a coarse aggregate of #57 gradation and content of 1750 lb/yd3 were 
chosen, because this combination best represents the gradation and various coarse aggregate 
contents in Table 3.2.  This was the only consistent batch weight property for all mixtures. 
All mixtures were batched by weight utilizing Table 3.4 for initial proportioning of 
materials.  Final batch weights of coarse aggregate, fine aggregate, and mixing water were 
adjusted based upon calculated moisture contents of fine and coarse aggregates by AASHTO 
Standard T 255-00 (AASHTO, 2013).  All batch weights were based on a yield of 1.6 ft3, which 
provided ample material for fabrication of test specimens and measurement of fresh concrete 
properties. 
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Table 3.4 – PCCP Batching Matrix 
Cementitious Material Content 
(lb/yd3) 
w/cm 
0.38 0.42 0.45 0.50 
564 (0% Class C Fly Ash) X X X X 
564 (20% Class C Fly Ash) X X X X 
564 (30% Class C Fly Ash) X X X X 
517 (0% Class C Fly Ash) X X X X 
517 (20% Class C Fly Ash) X X X X 
517 (30% Class C Fly Ash) X X X X 
470 (0% Class C Fly Ash) X X X X 
470 (20% Class C Fly Ash) X X X X 
470 (30% Class C Fly Ash) X X X X 
 
3.3. Materials 
All mixtures tested utilized the same supply of cement, fly ash, coarse aggregate, and fine 
aggregate.  Type I/II portland cement from Ash Grove Packaging Group meeting ASTM C150 
specifications (ASTM, 2017) was selected due to its ease of availability in Northwest Arkansas.  
Class C fly ash meeting ASTM C618 specifications (ASTM, 2015) was sourced from Pine Bluff, 
Arkansas, and supplied by Boral Resources.  Both materials were kept in a storage building at 
the ERC to provide protection from moisture and contamination.  The cement and fly ash used in 
this project were tested to determine chemical composition and other properties.  Ash Grove 
Packaging Group provided testing data for cement, and ARDOT provided testing data for fly ash.  
The results of these tests are summarized in Table 3.5 and Table 3.6. 
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Loss on Ignition 2.4% 
Na2O 0.2% 
K2O 0.6% 









C3S + 4.75 C3A 88.0% 
Physical  
Air Content of Mortar (Volume) 8.0% 
Fineness 4.5 m2/g 
Autoclave Expansion -0.01% 
Mortar Bar Expansion 0.00% 
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∑ Oxides 63.9% 
∑ Alkalis 29.1% 
 
Coarse aggregate used for this project was a crushed limestone sourced from Sharp’s 
Quarry in Springdale, Arkansas.  A sieve analysis was performed on the aggregate to ensure the 
gradation met ARDOT specifications.  The results of this sieve analysis are shown against 
ARDOT specifications in Figure 3.2.  Additionally, specific gravity and absorption capacity of 
2.68 and 1.2%, respectively, were used for proportion calculations.  Fine aggregate used in this 
project was sourced from the Arkansas River in Van Buren, Arkansas.  A sieve analysis was also 
performed on the fine aggregate.  The results from this analysis are shown in Figure 3.3.  A 
specific gravity of 2.63 and absorption capacity of 0.8% were used for mixture proportioning.  
The calculated fineness modulus for the sand was 2.22.  Coarse and fine aggregate stockpiles 
were stored in uncovered aggregate bins at the ERC, shown in Figure 3.1.  The sieve analysis of 




Figure 3.1 – Aggregate Storage Bins (Photo by Author) 
  

























Figure 3.3 – Fine Aggregate Gradation 
Chemical admixtures used for this project were supplied by GCP Applied Technologies.  
The admixtures were ADVA® Cast 575, Daravair® 1000, and Terapave® AEA.  ADVA® Cast 
575 is a high-range water reducing Type A/F admixture which meets ASTM C494 specifications 
for chemical admixture use in concrete (ASTM, 2016).  Daravair® 1000 and Terapave® AEA 
are air-entraining admixtures which both meet ASTM C260 specifications (ASTM, 2016).  
Daravair® 1000 was used in concrete mixtures in the early stages of this research but was 
replaced with Terapave® AEA following issues with mixtures exceeding slump specifications.  
All chemical admixtures were introduced to mixtures according to the manufacturer’s 
recommendations shown in Table 3.7. 
Table 3.7 – Manufacturer Recommended Admixture Dosage Rates 
Admixture Dosage Rate (fl oz / 100 lbs cement) 
ADVA® Cast 575 3 - 6 
Daravair® 1000 0.5 - 3 






















3.4. Test Specimens 
After final batch weights were calculated, material was weighed and mixed according to 
standard mixing procedures found in ASTM C192 (ASTM, 2016).  Immediately following 
removal from a rotating drum mixer, several tests were performed to determine the fresh 
concrete properties which were slump, air content and unit weight.  The process of measuring 
slump and the pressure meter used for unit weight and air content are shown in Figure 3.4.  
Slump, unit weight, and air content were measured according to specifications found in 
AASHTO T119, T121, and T152, respectively (AASHTO, 2013; AASHTO, 2015; AASHTO, 
2013). 
  
Figure 3.4 – Sump, Unit Weight, and Air Content Equipment (Photos by Author) 
For each of the 36 unique mixtures, two hardened concrete properties were measured – 
compressive strength and unrestrained drying shrinkage.  To complete this task, 12 cylinders, 
four inches in diameter by eight inches in height, were fabricated and cured according to 
AASHTO T23 and ASTM C192 specifications (AASHTO, 2014; ASTM, 2016).  Additionally, 
three prisms, four inches square by 11.25 inches in length were fabricated and stored for each 
mixture according to ASTM C157 (ASTM, 2016).  However, due to limited water bath storage 
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space, initial water curing of prisms was not performed.  All test specimens were stored in an 
enclosed environmental chamber which was kept at 72ºF through use of an air conditioning 
system and 50% humidity through use of a dehumidifier.  Following compressive strength 
testing of all 36 mixtures, an additional 12 cylinders were fabricated from the mixtures which 
averaged the three highest and three lowest compressive strength values for modulus of elasticity 
testing. 
  
Figure 3.5 – Compressive Cylinder and Unrestrained Drying Shrinkage Prism Storage 
(Photos by Author) 
3.5. Test Methods 
All compressive strength tests were performed at the ERC using a 400-kip capacity 
Forney compression machine with an ADMET GB2 digital display.  Compressive strengths of 
all mixtures were measured at 1 day, 7 days, 28 days, and 56 days following procedures found in 
AASHTO T22 (AASHTO, 2014).  Three cylinders were tested to failure at each age, and the 
average of the three calculated compressive strengths was recorded as the mixture’s compressive 
strength.  Cylinder ends were placed within aluminum caps with neoprene pads prior to loading.  
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Some cylinder ends were ground using an end-grinding machine on site, because the 
compressive strength of the cylinders exceeded the limits of the neoprene pads. 
For each mixture, unrestrained drying shrinkage of three prisms was measured weekly for 
16 weeks following measurement procedures found in ASTM C157 (ASTM, 2016).  An initial 
length was measured following demolding at 24 hours of age for each prism.  As shown in 
Figure 3.5, prisms were placed on rollers to allow free movement in the plane of measurement.  
Length changed was measured using a Humboldt length comparator with a digital gauge and 
precision to the nearest ten-thousandth of an inch. 
Static modulus of elasticity was measured at seven and 28 days for the three mixtures 
with the highest compressive strength and the three mixtures with the lowest compressive 
strength following the guidance of ASTM C469 (ASTM, 2014).  The test was performed on 
three cylinders within a collar with dial gauge using the Forney for loading.  All cylinders used 
for static modulus of elasticity testing were ground to a smooth, plane finish on the ends.  Figure 
3.6 shows the length comparator, Forney with static modulus of elasticity specimen loaded, and 
end-grinding machine.  Raw data from these tests were analyzed using Microsoft Excel.  
     
Figure 3.6 – Laboratory Equipment (Photos by Author) 
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4. Results and Discussion 
4.1. Introduction 
As a result of 36 unique concrete mixtures tested, a large dataset was produced.  This 
section will cover the three hardened concrete properties of primary concern – compressive 
strength, unrestrained drying shrinkage, and static modulus of elasticity.  The results will be 
shown in as concise manner possible to provide the reader with a clear understanding of the 
results.  It is important to note the variability of air entrainment may have skewed some results.  
The possibility of up to 4% difference in air content – allowed by current ARDOT specifications 
– may affect slump, compressive strength, drying shrinkage, and static modulus of elasticity.  
Differences in slump may also have affected results.  While current ARDOT specifications limit 
slump in PCCP mixtures to less than or equal to two inches, for several high w/cm and high fly 
ash content mixtures, conforming to this specification was unachievable.  These results were still 
included to provide information concerning the performance of high w/cm and high fly ash 
content mixtures which may end up in the field.  Air content and slump are summarized in Table 
4.1. 
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Table 4.1 – Fresh Concrete Properties 
Cementitious Material 
Content (lb/yd3) 









0.38 4.00 1.00 
0.42 5.75 2.00 
0.45 7.25 3.00 
0.50 6.00 6.00 
20 
0.38 5.50 1.50 
0.42 4.25 3.00 
0.45 8.00 3.25 
0.50 6.50 6.50 
30 
0.38 4.10 1.00 
0.42 7.50 2.00 
0.45 5.75 1.50 
0.50 6.00 5.00 
517 
0 
0.38 - - 
0.42 6.00 2.00 
0.45 4.00 1.00 
0.50 5.50 0.50 
20 
0.38 4.50 0.50 
0.42 4.25 1.00 
0.45 7.25 3.50 
0.50 6.50 4.50 
30 
0.38 5.50 1.00 
0.42 6.00 1.00 
0.45 6.25 1.00 
0.50 4.50 2.00 
470 
0 
0.38 - - 
0.42 8.00 0.50 
0.45 5.75 0.50 
0.50 6.00 1.50 
20 
0.38 - - 
0.42 5.00 2.00 
0.45 6.50 0.50 
0.50 6.80 1.50 
30 
0.38 - - 
0.42 5.00 1.00 
0.45 7.25 2.00 
0.50 6.25 2.25 
 
For all mixtures tested, the largest measured air content value was 8%, mean was 5.8%, 
median was 5.9%, and standard deviation was 1.1%.  For all mixtures, the largest measured 
 25 
slump was 6.5 inches, the mean was 2.1 inches, the median was 1.5 inches, and the standard 
deviation was 1.6 inches.  Additionally, due to mixture proportions including low w/cm and low 
cementitious material content, some test mixtures were unable to be cohesively fabricated.  
These mixtures appear as missing data points in figures (for compressive strength), aiding the 
reader in quick identification.  Potentially due to relatively small batch sizes – compared to batch 
sizes of ready-mixed-concrete trucks – and ideal mixing conditions, temperature data was 
inconclusive and showed no clear trends. 
4.2. Compressive Strength 
Compressive strength data are condensed to three figures based upon cementitious 
material content.  Figure 4.1 shows compressive strength data for mixtures with the current 
ARDOT minimum cementitious material content of 564 lb/yd3 at 1 day, 7 days, 28 days, and 56 
days of age.  The y-axis displays compressive strength in psi, while the x-axis displays both 
w/cm and fly ash replacement percentages.  The data presented in this figure – along will all 
following compressive strength figures – are grouped by fly ash replacement percentages, 
increasing from left to right, and by w/cm within those groups, also increasing from left to right.   
Error bars represent the standard deviation for each average compressive strength value.  A solid 
horizontal line at 4,000 psi represents the current ARDOT compressive strength specification of 
4,000 psi at 28 days.  A dotted line at 3,000 psi represents the current ARDOT open-to-traffic 
compressive strength specification.  ARDOT additionally specifies pavement shall not be open to 
traffic earlier than seven days of age regardless of compressive strength (Arkansas Department 
of Transportation, 2014). 
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Figure 4.1 – Compressive Strengths of 564 lb/yd3 Cementitious Material Mixtures 
As shown by Figure 4.1, all mixtures containing a cementitious material content of 564 
lb/yd3 achieved the specified 28-day strength of 4,000 psi.  All but one mixture achieved the 
specified strength by 7 days of age.  Additionally, all mixtures achieved the specified open-to-
traffic compressive strength of 3,000 psi by 7 days of age, which is the earliest allowable time to 
open to traffic.  Several trends are evident in this figure.  First, a positive effect on compressive 
strength caused by decreasing the w/cm is evident by decreasing compressive strength values 
within each fly ash replacement percentage group as w/cm increase from left to right.   
There are two exceptions to this trend.  The mixture with a fly ash replacement 
percentage of 20 and w/cm of 0.45 along with the mixture with a fly ash replacement percentage 
of 30 and w/cm of 0.42 both had lower compressive strengths than mixtures with the same fly 
ash replacement percentage and higher w/cm.  A possible explanation for this is air content.  The 
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respectively, while the two higher compressive strength mixtures had measured air contents of 
6.5% and 5.8%, respectively.  Second, while 28-day and 56-day compressive strengths are 
comparable between mixtures with a w/cm 0.38 and different fly ash replacement percentages, a 
slight increase in late-age compressive strengths of 30% fly ash replacement mixtures can been 
seen when comparing to mixtures with 0% and 20% fly ash replacement.  This trend would be 
expected to continue if compressive strength tests were performed at later ages than this project 
included.  A delay in strength gain as fly ash replacement percentage increases is seen when 
comparing 1-day and 7-day compressive strengths. The difference in early-age compressive 
strengths between 20% fly ash replacement and 30% fly ash replacement is not as pronounced as 
the difference between mixtures containing zero fly ash and those containing any amount of fly 
ash.  Third, without decreasing current ARDOT specifications for cementitious material content, 
the results in Figure 4.1 show the quantity of cement can be reduced by increasing the maximum 
allowable fly ash replacement percentage from current the ARDOT limit of 20 to 30.  While 
early-age strengths may not be comparable to PCCP mixtures with a lower fly ash replacement 
percentage, 4,000 psi at 28 days is the only compressive strength requirement.  All mixtures met 
this requirement, and a majority of mixtures achieved this requirement by 7 days of age. 
Next, Figure 4.2 shows compressive strength data for all mixtures with a cementitious 
material content of 517 lb/yd3.  These mixtures represent a 47 lb/yd3 (1/2 sack) reduction in 
cementitious material content from the current ARDOT minimum specification of 564 lb/yd3.  
The format of this graph is the same as Figure 4.1.  Again, a solid horizontal line representing the 
current ARDOT 28-day compressive strength specification of 4,000 psi was added as a visual aid 




Figure 4.2 – Compressive Strengths of 517 lb/yd3 Cementitious Material Mixtures 
This group of data contains the first mixture which was unable to be completely mixed 
which was the mixture at a w/cm of 0.38.  This mixture lacked the workability needed to cast test 
cylinders.  Mixtures with higher fly ash replacement percentages benefited from the increase  in 
workability when fly ash is used.  Despite the mixture with a w/cm of 0.38 being unworkable, all 
other mixtures represented in Figure 4.2 exceeded the 28-day compressive strength specification.  
Similar to Figure 4.1, all but two mixtures achieved 4,000 psi by 7 days of age, and all mixtures 
achieved the specified open-to-traffic compressive strength of 3,000 psi by 7 days of age.  
Several trends again are present in Figure 4.2, but not as clear as data from mixtures with 564 
lb/yd3 cementitious material contents.  First, the positive trend in compressive strength as w/cm 
decreases is again present in this data, especially among the mixtures with 20% and 30% fly ash 
replacement.  An exception to this trend is evident among the mixtures containing no fly ash.  
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mixture with a w/cm of 0.45.  Once again, air content could be the cause of this discrepancy.  
The air contents of these two mixtures was 6.0% and 4.0%, respectively.  Second, compressive 
strengths of mixtures with the same w/cm and different fly ash replacement percentages exhibit 
increased variability compared to mixtures with cementitious material contents of 564 lb/yd3 
shown in Figure 4.1.  Similar to 564 lb/yd3 mixtures, Figure 4.2 shows increased late age 
strength in 30% fly ash replacement mixtures over zero fly ash mixtures with a w/cm of 0.50 and 
20% fly ash replacement mixtures with a w/cm of 0.45 and 0.50.  Additionally, the pattern of 
lower early-age compressive strengths in mixtures containing 20% and 30% fly ash replacement 
compared to mixtures with zero fly ash remains.  Again, this data shows the potential for 
reducing the cement content of PCCP mixtures used by ARDOT through an overall reduction in 
cementitious material content and an increase in fly ash replacement percentage from current the 
ARDOT limit of 20 to 30.  While early-age strengths would be lower than mixtures containing 
higher cementitious material contents and lower fly ash replacement percentages, a majority of 
mixtures with 517 lb/yd3 cementitious material content achieved the 28-day compressive 
strength requirement by 7 days of age, and all workable mixtures exceeded the current ARDOT 
28-day compressive strength requirement of 4,000 psi by 28 days of age. 
Finally, Figure 4.3 shows compressive strength data for PCCP mixtures with a 
cementitious material content of 470 lb/yd3.  These mixtures represent a 94 lb/yd3 (1 sack) 
reduction in cementitious material content from the current ARDOT minimum specification of 
564 lb/yd3.  This was the lowest cementitious material content tested for this project.  The figure 
follows the same format as compressive strength figures corresponding to 564 lb/yd3 and 517 
lb/yd3 cementitious material content mixtures. As seen in Figure 4.3, all mixtures at a w/cm of 
0.38 did not mix.  These mixtures did not contain enough paste or water to facilitate a successful 
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mixture.  The mixtures were stiffer compared to the previous two groups of mixtures and 
workability was poor.  Once again, as fly ash replacement percentages increased, workability and 
slump increased. 
 
Figure 4.3 – Compressive Strengths of 470 lb/yd3 Cementitious Material Mixtures 
Despite all mixtures with a w/cm of 0.38 being unmixable, all other mixtures met 28-day 
compressive strength requirements, and only one mixture failed to reach the specified open-to-
traffic compressive strength of 3,000 psi by the earliest allowable open time of 7 days.  
Compared to previous cementitious material contents, this group of mixtures has the most 
consistency in compressive strength across all w/cms and fly ash replacement percentages.  
Mixtures with zero fly ash and 20% replacement fly ash show nearly identical compressive 
strength values at a w/cm of 0.42, 0.45, and 0.50 compared to each other, with the 30% fly ash 
replacement mixtures being nearly identical to the other mixtures at a w/cm of 0.45 and 0.50.  
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replacement mixture is the strongest of the group, and the 30% fly ash replacement mixtures are 
the only set of mixtures which exhibit increased compressive strength as w/cm decreases.  The 
other two groups both show decreased compressive strength at a w/cm of 0.50, but, as mentioned 
previously, compressive strengths are comparable at w/cm of 0.42 and 0.45.  The decrease in  
early-age strength is again present in mixtures containing 470 lb/yd3 of cementitious material.  
The mixture with 20% fly ash replacement and a w/cm of 0.42 shows a large increase in 
compressive strength between 7-day breaks and 28-day breaks.  This is most likely due to poor 
consolidation within the cylinder mold caused by low workability leading to highly porous test 
cylinders.  Despite these conditions, half the mixtures which were able to be mixed achieved 28-
day compressive strength requirements in 7 days and all mixtures (excluding the 0.38 w/cm 
mixtures) achieved 4,000 psi by 28 days of age.  This dataset represents the largest decrease in 
quantity of both cementitious material and cement used in PCCP mixtures in this project. 
4.3. Unrestrained Drying Shrinkage 
Similar to compressive strength data, unrestrained drying shrinkage data is presented in a 
compressed format to highlight patterns within the data.  Figure 4.4 shows a summary of all 
unrestrained drying shrinkage data.  The top graph separates data based upon cementitious 
material content, the middle graph separates data based upon fly ash replacement percentage, and 
the final graph separates data based upon w/cm.  The y-axis displays negative microstrain, while 
the x-axis displays time in weeks.  The gray area located within each graph represents the range 
of unrestrained drying shrinkage recorded at each time measurement for all mixtures tested.  This 
highlights the insensitivity to changes in mixture properties  The y-axis maximum is set to 700 
microstrain based on previous research, which suggests limiting unrestrained drying shrinkage to 
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Patterns and trends in Figure 4.4 are difficult to discern.  For this reason, drying 
shrinkage data is further separated into figures based upon cementitious material content and 
data series based upon fly ash replacement percentage and w/cm.  Similar to compressive 
strength figures, data series for unworkable mixtures are not present within the graph but are 
shown for continuity in the legend. 
Figure 4.5 presents unrestrained drying shrinkage data for mixtures with 564 lb/yd 3 
cementitious material.  This figure follows the same format as Figure 4.4 with strain on the y-
axis, time on the x-axis, and a shaded area representing shrinkage data for all cementitious 
material contents.  Additionally, various colors and shapes of data points represent different 
w/cm and fly as replacement percentages, respectively. 
 
Figure 4.5 – Drying Shrinkage of 564 lb/yd3 Cementitious Material Mixtures  
As shown in Figure 4.5, while shrinkage data is scattered, several patterns are evident 




















0% Fly Ash, 0.50 0% Fly Ash, 0.45 0% Fly Ash, 0.42 0% Fly Ash, 0.38
20% Fly Ash, 0.50 20% Fly Ash, 0.45 20% Fly Ash, 0.42 20% Fly Ash, 0.38
30% Fly Ash, 0.50 30% Fly Ash, 0.45 30% Fly Ash, 0.42 30% Fly Ash, 0.38
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values of strain, with the zero fly ash content mixture consistently registering the lowest 
shrinkage values of the data presented in Figure 4.5.  Mixtures with a w/cm of 0.42 are 
concentrated within the middle of this data group.  Additionally, shrinkage values increase 
almost linearly between week 1 and week 9 before leveling off and stabilizing in week 10 and 
following.  All mixtures remained below 28-day, 90-day, and 16-week unrestrained shrinkage 
limits recommended by previous research (Mokarem, 2002; Babaei & Purvis, 1996). 
Next, Figure 4.6 presents unrestrained dry shrinkage data for mixtures containing 517 
lb/yd3 cementitious material.  This figure is formatted the same as Figure 4.5.  Within this data 
set, the first instance of missing data appears – the mixture containing 0% fly ash replacement 
and a w/cm of 0.38 was unable to mix properly. 
 
Figure 4.6 – Drying Shrinkage of 517 lb/yd3 Cementitious Material Mixtures  
Figure 4.6 again shows similar patterns to Figure 4.5.  While shrinkage data is scattered 




















0% Fly Ash, 0.50 0% Fly Ash, 0.45 0% Fly Ash, 0.42 0% Fly Ash, 0.38
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lower values of strain, with the mixtures containing 20% and 30% fly ash replacement 
consistently measuring lower shrinkage values.  Mixtures with a w/cm of 0.42 are again 
concentrated within the middle of this data group and show little variance between different fly 
ash replacement percentages.  For this group of data, most mixtures are shown stabilizing in 
week 6.  All mixtures remained below 28-day, 90-day, and 16-week unrestrained shrinkage 
limits recommended by previous research (Mokarem, 2002; Babaei & Purvis, 1996). 
Finally, Figure 4.7 displays data from mixtures with a cementitious material content of 
470 lb/yd3.  This figure is formatted the same as the two preceding figures, and no data is 
available for mixtures with a w/cm of 0.38. 
  
Figure 4.7 – Drying Shrinkage of 470 lb/yd3 Cementitious Material Mixtures 
The data presented in Figure 4.7 shows fewer patterns than previous data sets.  The 
mixture with 20% fly ash replacement and a w/cm of 0.45 consistently shows the lowest 




















0% Fly Ash, 0.50 0% Fly Ash, 0.45 0% Fly Ash, 0.42 0% Fly Ash, 0.38
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of data, there is little shrinkage after week 7.  Consistent with all previous data groups, all 
mixtures remained below 28-day, 90-day, and 16-week unrestrained shrinkage limits 
recommended by previous research (Mokarem, 2002; Babaei & Purvis, 1996). 
4.4. Static Modulus of Elasticity 
Static modulus of elasticity data is presented in Figure 4.8 with the predicted modulus of 
elasticity from ACI 318-19 (ACI Committee 318, 2019).  The gray area within the graph 
represents ±20% from the predicted modulus of elasticity.  This range is based on commentary 
found in the previous edition of ACI 318 (ACI Committee 318, 2014).  ACI 318-19 does not 
provide a range for variance from predicted values of modulus of elasticity but does note the 
measured modulus of elasticity is sensitive to a number of variables.  The predicted modulus of 
elasticity, Ec, is calculated as a relationship to compressive strength, f’c, using Equation 1 below. 
𝐸𝑐 = 57,000√𝑓′𝑐       (1) 
Static modulus of elasticity was measured at 7 days and 28 days for the six mixtures 
shown in Table 4.2.  The six mixtures selected for static modulus of elasticity testing represent 
the three highest compressive strengths and three lowest compressive strengths at 56 days of age. 






564 (0% Class C Fly Ash) 0.38 9,740 
564 (30% Class C Fly Ash) 0.38 9,720 
517 (20% Class C Fly Ash) 0.38 9,350 
517 (20% Class C Fly Ash) 0.45 5,030 
517 (20% Class C Fly Ash) 0.50 4,940 




Figure 4.8 – ACI 318 Predicted vs Measured Modulus of Elasticity 
As shown in Figure 4.8, the equation provided by ACI 318-19 is slightly conservative.  
Seven of the twelve measured values fall outside the 20% variance suggested by ACI 318-14.  
Only one data point falls below the predicted modulus of elasticity, while the remaining mixtures 
either meet or exceed the predicted modulus of elasticity per ACI.  This data shows mixtures 
with various cementitious material contents, fly ash replacement percentages, and w/cms will 
achieve or exceed expected values of modulus of elasticity. 
4.5. Economic Impact 
Through analysis of data from 2006 until 2016, provided by ARDOT, the average cost of 
cement in PCCP was $95.42/ton, and the average cost of fly ash was $35.00/ton.  From 2006 to 
2016, ARDOT paid for 4.2 million cubic yards of PCCP at a cost of $566 million.  It is important 
to note this total cost is inclusive of materials, labor, and finishing.  Using the total quantity of 
PCCP for which ARDOT paid, an analysis of material cost only was performed.  Considering the 
example of 564 lb/yd3 of cementitious material content with a fly ash replacement percentage of 

































𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦𝐶𝑀 = 4.2 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑦𝑑
3 𝑃𝐶𝐶𝑃 ×  
564 𝑙𝑏
𝑦𝑑3
= 1.2 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑡𝑜𝑛𝑠 
𝐶𝑜𝑠𝑡𝐶𝑀 =  1.2 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑡𝑜𝑛𝑠 (20% × 
$35
𝑡𝑜𝑛
+ 80% ×  
$95.42
𝑡𝑜𝑛
) = $98.85 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 
 
 
Figure 4.9 – Cementitious Material Costs, 2006-2016 
Figure 4.9 shows estimated costs of cementitious materials at various levels of fly ash 
replacement and cementitious material content.  Using the cost associated with a cementitious 
material content of 564 lb/yd3 and fly ash replacement percentage of 20 as a baseline is most 
conservative, because this mixture design would represent the lowest quantity of cement allowed 
under current ARDOT specifications.  If all PCCP mixtures were batched according to this 
mixture design, the cementitious material cost would have been $98.85 million of which $90.55 
million is represented by cement, and $8.30 million is represented by fly ash.  Increasing the 
allowable fly ash replacement percentage to 30 would result in a savings of $7.17 million over 
ten years.  When cementitious materials content is reduced to 517 lb/yd3, mixtures with 20% fly 
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with 30% fly ash replacement would further reduce the cost to $84.04 million.  These values 
represent savings of $8.24 million and $14.81 million, respectively, over the course of ten years 
compared to the most conservative estimate using current specifications.  Finally, a decrease in 
cementitious materials content to 470 lb/yd3 would lower associated costs to $82.37 million for 
mixtures with 20% fly ash replacement and $76.40 million for mixtures with 30% fly ash 
replacement.  These values represent a savings of $16.47 million and $22.45 million, 
respectively, over the course of ten years compared to the most conservative estimate using 
current specifications.  
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5. Conclusions and Recommendations 
This research project examined the effects of reducing cementitious material content and 
increasing fly ash replacement percentage in PCCP mixtures on compressive strength, 
unrestrained drying shrinkage, static modulus of elasticity, and costs.  Furthermore, this research 
sought to provide recommendations to ARDOT for future PCCP specifications.  The results of 
this investigation show: 
• The current minimum cementitious material content of 564 lb/yd3 is not necessary 
to achieve specified 28-day compressive strength of 4,000 psi.  All mixtures 
containing the current requirement exceeded specified compressive strength by 28 
days of age.  A majority of mixtures reached target strength by 7 days of age.  
• Test mixtures containing 517 lb/yd3 and 470 lb/yd3 cementitious material also all 
met 28-day compressive strength specifications, with a majority of mixtures also 
achieving this requirement by 7 days of age. 
• The open-to-traffic compressive strength specification of 3,000 psi was met by a 
majority of mixtures tested at the earliest allowable open age of 7 days. 
• Strength benefits from using fly ash were inconclusive at 28 and 56 days.  Some 
mixtures were stronger than comparable mixtures with lower percentages of fly 
ash, but no clear pattern was evident. 
• Early age compressive strengths were lower in mixtures containing fly ash, 
compared to mixtures without. 
• Unrestrained drying shrinkage for mixtures of all cementitious material contents 
were within acceptable ranges for shrinkage cracking to not be a concern. 
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•  Static modulus of elasticity testing indicated the ACI equation for predicting 
modulus of elasticity produces accurate to conservative results for mixtures with 
various cementitious material contents, fly ash replacement percentages, and 
w/cms. 
Based upon the results of this investigation summarized above, ARDOT can reduce the 
current minimum cementitious material content from 564 lb/yd3 to 470 lb/yd3 while maintaining 
all other PCCP specifications.  ARDOT can further reduce the amount of cement used in PCCP 
mixtures by increasing the maximum fly ash replacement percentage from 20 to 30.  The mixture 
anticipated to have the lowest 28-day compressive strength based on cementitious material 
content, fly ash replacement percentage, and w/cm met the 28-day compressive strength 
specification of 4,000 psi and represented a 94 lb/yd3 reduction in cementitious material (470 
lb/yd3), 10% increase in fly ash replacement (30%), and 0.05 w/cm increase (0.50) from current 
ARDOT specifications.  Unrestrained drying shrinkage data remained within acceptable ranges 
and showed no quantifiable increase or decrease when cementitious material content, fly ash 
replacement percentage, or w/cm was adjusted which indicated cracking previously noted by 
ARDOT was not a result of concrete mixture design.  In summary, ARDOT is recommended to 
adjust current PCCP specifications.  
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